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EFFECTS OF ASPECT RATIO AND CANOPY SHAPE ON LOW-SPEED 

AERODYNAMIC CHARACTERISTICS OF 30.0' 

SWEPT PARAWINGS 

By Frank M. Bugg 
Langley Research Center 

SUMMARY 
,20639 *=7 \ 

An investigation w a s  made to study the effects of aspect ratio and canopy 
shape on the static longitudinal and lateral aerodynamic characteristics of 
parawings having 50.0° sweptback leading edges. Parawings with conical can- 
opies and aspect ratios of 3.0, 4.00, 5.00, and 5.45 and parawings with cylin- 
drical (zero twist and camber) canopies and aspect ratios of 3.00, 4.00, and 
5.45 were used in the investigation. 
gated for aspect-ratio-5.45 parawings with both conical and cylindrical 
canopies. 

Effects of canopy fullness were investi- 

Maximum lift-drag ratios for the conical-canopy parawings varied from 5.2 / 
to 5.9 as the aspect ratio increased from 3.00 to 5.45. Decreasing the canopy ; 
fullness of the aspect-ratio-5.45 conical-canopy parawing increased the maximum ' 
lift-drag ratio to 8.1. 
parawings from 3.0 to 5.45 increased the maximum lift-drag ratios from 7.3 
to 11.8. The addition of a small amount of twist and camber to the aspect- 
ratio-5.45 cylindrical canopy parawing by increasing the canopy fullness 
increased the maximum lift-drag ratio to 16.9 and improved the lift-drag ratios 
at high lift. 

i Increasing the aspect ratio of the cylindrical-canopy 

Parawings with conical canopies had extrapolated pitching-moment coeffi- 
cients at zero lift that were negative at low aspect ratio and became less neg- 
ative as the aspect ratio increased until at an aspect ratio of 5.45 a positive 
value was indicated. For the cylindrical-canopy parawings, the pitching-moment 
coefficient at zero lift was negative and became more negative with increasing 
aspect ratio for all configurations investigated. 

A comparison of experimental longitudinal aerodynamic characteristics with 
estimates based on wing theory showed fairly good agreement for parawings having 
the least amount of canopy curvature. Estimated results, particularly pitching- 
moment characteristics, did not agree well with experimental results for para- 
wings having large amounts of canopy curvature. 
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II!E%ODUCTION 

The National Aeronautics and Space Administration has conducted a number 
of research investigations to determine the aerodynamic characteristics of para- 
wings. 
concerned with studies of parawings as recovery devices for space vehicles and 
rocket boosters for which low-to-medium glide capabilities were required. The 
parawing which received the most attention in studies of these applications was 
of low aspect ratio and had a highly twisted and cambered conical canopy with 
equal-length leading edges and keel. Results of general research investigations 
on this parawing are given in reference 2 for a wide range of sweep angles and 
canopy fullness and in reference 3 for a parawing having large-diameter leading 
edges simulating an inflated-tube structure. The low-aspect-ratio conical para- 
wing may be adequate for applications in which only a moderate glide range is 
required. For other applications, such as tow vehicles or where extended glide 
range is needed, a wing with a higher lift-drag ratio would be desirable. Ini- 
tial work on high-performance parawings reported in reference 1 indicated that 
significant increases in maximum lift-drag ratio could be obtained from higher- 
aspect-ratio conical wings and wings with cylindrical canopies which provided 
essentially zero camber and twist and still maintained the tension-lifting- 
surface concept. 

(For example, see refs. 1 to 3.) Much of the research to date has been 

The purpose of the present investigation was to extend the experimental 
and theoretical work of reference 1 to include a systematic variation of aspect 
ratio and canopy fullness for both conical and cylindrical wings. Effects of 
aspect ratio were studied on 50.00 swept wings having conical and cylindrical 
canopies for a range of aspect ratios from 3.00 to 5.45. The effects of canopy 
fullness were investigated for an aspect ratio of 5.45 for both the conical and 
cylindrical canopies. A l l  models had small rigid leading edges and keel; a 
spreader bar was used to maintain the fixed leading-edge sweep of 50.0°. Longi- 
tudinal aerodynamic characteristics were obtained at 0' sideslip through an 
angle-of-attack range that extended from the onset of canopy luffing at low lift 
coefficients to angles of attack beyond the stall. Lateral stability deriva- 
tives were obtained over approximately the same angle-of-attack range at side- 
slip angles of *4O for most of the wings investigated. 

SYMBOLS 

The force and moment coefficients are presented with respect to the body 
system of axes except for lift and drag coefficients which are presented with 
respect to the wind axes. The positive directions of forces and moments are 
shown in figure 1. The moments are given about a reference point on the keel 
center line positioned longitudinally at the 25-percent-chord point of the mean 
aerodynamic chord. Reference areas and lengths used in the reduction of data 
are presented in table I and are based on the projected 50.0° swept-wing plan- 
form, with the trailing edge taken as a straight line connecting the wing tip 
and the trailing edge of the root chord. 
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. 
A 

b 

C 

Cav 
- 
C 

aspect ratio 

parawing span, in. 

local parawing chord, measured parallel to keel, in. 

average parawing chord, in. 

parawing mean aerodynamic chord, in.  

axial-force coefficient, Axial force 
ss ' CA 

Drag drag coefficient, - 
ss CD 

Section lift 
sc 

section lift coefficient, 
2 C 

Lift lift coefficient, - 
ss CL 

Rolling moment 
s a  rolling-moment coefficient, 

CL, max maximum lift coefficient 

L, 
C lift-curve slope per degree 

El effective-dihedral parameter, -, per deg 
4 3  

C 

Pitching moment pitching-moment coefficient, 
9% Cm 

extrapolated pitching-moment coefficient at CL = 0 

static-longitudinal-stability parameter 

Yawing moment 
qsb 

yawing-moment coefficient, 'n 

Normal force 
qs normal-force coefficient, 

U n  
hs 

directional-stability parameter, -, per deg 
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CY side-force coefficient, Side force 
qs 

side-force parameter, 3, per deg 
4 3  

L/D lift-drag ratio 

(L/D)ma maximum lift -drag rat io 

9 

S projected area of wing, sq ft (see table I) 

free-stream dynamic pressure, lb/sq ft 

distance from leading edge of mean aerodynamic chord to center of - pressure, measured parallel to keel in fraction of c, in. xCP 

Y spanwise distance from plane of symmetry, ft 

a angle of attack of parawing keel, deg 

a0 angle of attack of parawing keel at zero lift, deg 

P sideslip angle, deg 

€ geometric twist angle between a line connecting leading edge and 
trailing edge of a section and reference plane containing parawing 
keel and wing tips, positive for washout, deg 

fb sweepback of leading edge of canopy flat pattern, deg 

MODEL DESCRIPTION 

The parawing models had metal frames to which fabric canopies were 

The surfaces of the 
attached. 
figures 2 to 4 for the conical and cylindrical canopies. 
conical-canopy parawings were assumed to lie on two right circular cones which 
intersected at the wing apex as illustrated in the following sketch: 

Sketches of the models and canopy flat patterns are presented in 
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constructed so that the warp of the fabric was parallel to the canopy trailing 
edge. The geometric characteristics of the canopy flat patterns and the fabric 
material used for each canopy are given in table 11. 

Parawing 
canopy 

Conical 

Cylindrical 

TESTS 

Reynolds number for - 
A = 3.00 A = 4.00 A = 5.00 A = 5-43 

q, w s q  ft 

6 963,000 722,000 578,000 529,000 

8 1,142, ooo 856, ooo 628,000 

All tests were conducted at atmospheric stagnation pressure in the Langley 
high-speed 7- by 10-foot tunnel at dynamic pressures of 6 and 8 lb/sq ft. 
Because the leading edges of the conical wings deflected appreciably at the 
highest test dynamic pressure, data for these wings are presented only for 
q = 6 lb/sq ft. For greater accuracy, however, data are desired at the highest 
possible dynamic pressure, and inasmuch as the leading edges on the cylindrical 
wings were much less flexible than those on the conical wings, results for the 
cylindrical wings are presented for 
obtained with transition free. Reynolds numbers based on the length of the ref- 
erence mean aerodynamic chord are given in the following table: 

q = 8 lb/sq ft. All data presented were 

Static longitudinal aerodynamic characteristics were obtained at 0' side- 
slip through an angle-of-attack range from the canopy luffing condition at low 
angles to angles beyond the stall. The variable-angle sting support was limited 
to a 24' angle-of-attack range, but by the use of appropriate couplings on the 
sting, each model was tested through overlapping angle-of-attack ranges in order 
to achieve the desired angles of attack. Static lateral stability characteris- 
tics were obtained through approximately the same angle-of-attack range and at 
kkO sideslip for all wings except the aspect-ratio-5.00 conical wing and the 
aspect-ratio-5.45 and A. = 48.2' 
made at *5O sideslip. 

cylindrical wing for which measurements were 

CORRECTIONS 

For most of the data, no jet-boundary or blockage corrections were applied 
because these corrections have been found to be negligible for the size of 
models tested with the tunnel-wall perforated slots open. The aspect-ratio- 
5.00 conical wing and the aspect-ratio-5.45 and cylindrical wing 
were tested during a period when the test-section slots were closed and these 
data were therefore corrected for jet-boundary and blockage effects by the 
methods of references 4 and 5. 

&, = 48.2' 

Corrections were also applied to the angles of 



a t t ack  and s ides l ip  t o  account f o r  e f fec ts  of def lect ions of the s t i ng  and 
balance under aerodynamic load. 

The aerodynamic charac te r i s t ics  presented i n  reference 1 were corrected 
f o r  e f f e c t s  of the  spreader bar and balance housing and t h e  appl icat ion of cor- 
responding corrections t o  the  present data was considered desirable.  Inasmuch 
as a d i f f e ren t  spreader-bar arrangement w a s  used i n  t h e  present tests, a new 
set of tare corrections were obtained. The tares of the spreader bar and bal- 
ance housing w e r e  o r ig ina l ly  measured i n  the free stream with the  wing removed. 
When these tare corrections were applied t o  the  present data, the  resu l t ing  max- 
imum l i f t -d rag  r a t i o  f o r  t he  high-aspect-ratio cy l ind r i ca l  wing was  unreasonably 
high and above the estimated value f o r  an idea l  wing of t he  same aspect r a t i o .  
Inasmuch as the  spreader bar  i n  the  present invest igat ion was re l a t ive ly  close 
t o  the  wing surface, espec ia l ly  f o r  t h e  cy l indr ica l  wings ( f ig .  3 ) ,  t he  e f f e c t s  
of the  wing flow f i e l d  on the  spreader bar were studied. 
dynamic cha rac t e r i s t i c s  of the spreader bar  used on the  cy l indr ica l  wings and 
of the  balance housing w e r e  measured with these components i n  the  presence of, 
but not attached to ,  the cy l indr ica l  wings f o r  an angle-of-attack range from 
-2' t o  45'. 
i n  f igure  6. 
and attached the  parawing r i g i d l y  t o  the  s t ing.  The measured tare corrections 
applied t o  the  data  are presented i n  f igure  7. The l i f t  and drag tare correc- 
t i ons  presented w e r e  subtracted from the  data and, i n  addition, a pitching- 
moment tare correct ion of 0.003 w a s  subtracted from t h e  data  f o r  the  A = 5.45 
wings. The pitching-moment t a r e  w a s  negligible f o r  t h e  wings of l o w  aspect 
r a t i o  and therefore  no correct ion was applied. Figure 8 gives conical-wing 
l i f t -d rag  r a t i o s  before and a f t e r  spreader-bar and balance-housing tare 
corrections.  

Accordingly, aero- 

The wing support used i n  the  determination of these tares i s  shown 
This apparatus replaced the spreader bar  and keel  of the  parawing 

PIiESENTATION OF RESULTS 

Results of t he  present parawing investigation are presented i n  f i g r e s  9 
t o  19. An out l ine  of t h e  contents of the  data f igures  is  as follows: 

Figure 

Conical parawings : 
Effect  of aspect ra t io ;  & = 45.0° . . . . . . . . . . . . . . . .  9 and 10 

11 and 12  

13 and 14 

Effect  of canopy-flat-pattern sweep; A = 5.45 

Effect  of canopy-flat-pattern sweep; A = 5.45 

. . . . . . . . . .  
Cylindrical  parawings: 

Effect  of aspect ra t io ;  & = 48.2' . . . . . . . . . . . . . . . .  . . . . . . . . . .  15 and 16 
Summary of e f f ec t s  of aspect r a t i o  17 
Summary of e f f ec t s  of canopy-flat-pattern sweep 18 
Summary of e f f e c t s  of ze ro - l i f t  angle of a t tack 19 

. . . . . . . . . . . . . . . . .  
. . . . . . . . . .  
. . . . . . . . . .  
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RESULTS AND DISCUSSION 

The extreme var ia t ions i n  wing geometric charac te r i s t ics ,  pr imari ly  i n  
t w i s t  and camber, encountered i n  t h i s  invest igat ion would be expected t o  cause 
corresponding large differences i n  ce r t a in  aerodynamic charac te r i s t ics .  Methods 
f o r  estimating some of t he  important longi tudinal  aerodynamic cha rac t e r i s t i c s  by 
means of wing theory are given i n  reference 1 and it w a s  considered desirable  t o  
determine how w e l l  these estimates could predic t  the  e f f ec t s  of the  la rge  var i -  
a t ions  i n  planform and wing shape encountered i n  the  present study. In order 
t o  compare experimental values with the  estimates, t he  analysis  of t es t  r e s u l t s  
i s  made i n  terms of the  following parameters: ze ro - l i f t  angle of a t t ack  ~ 6 ,  
pitching-moment coef f ic ien t  a t  zero l i f t  Cm,o, l i f t -curve  slope C h ,  s t a t i c -  

longi tudinal-s tabi l i ty  parameter -, m a x i m u m  l i f t -d rag  r a t i o  (L/D)-, and 

maximum l i f t  coef f ic ien t  C 

8% 
acL 

L,maX' 

The test  r e s u l t s  did not extend t o  zero l i f t  because of canopy lu f f ing  a t  
low l i f t  and, therefore ,  the  parameters uo and Cm,o were obtained by extrap- 
o la t ion  of the data  t o  zero l i f t .  The pitching-moment curves were generally 

and Cm,o are repre- nonlinear and therefore  the  experimental values of 

sentat ive of only a small portion of each curve; however, these data  provide 
some indication of the  influence of aspect r a t i o  and canopy shape. The e s t i -  
mated and experimental longi tudinal  parameters a re  compared after discussion 
of the  t e s t  r e su l t s .  

acrn 
ac, 

Effect  of Aspect Ratio on Longitudinal 

Aerodynamic Character is t ics  

L i f t  charac te r i s t ics . -  Increasing the  aspect r a t i o  on both the  conical 
( f i g .  9) and the  cy l indr ica l  parawings ( f i g .  13) increased the  l i f t - cu rve  slope 
and increased t h e  m a x i m u m  l i f t  coef f ic ien t  ( f i g .  17) .  
a t t ack  was pos i t ive  and increased s l i g h t l y  f o r  the  conical wings, whereas it 
was s l i gh t ly  negative f o r  the  cy l ind r i ca l  wings and became more negative as the  
aspect r a t i o  increased. (See f i g .  17.) 

The ze ro - l i f t  angle of 

M a x i m u m  l i f t - d r a g  r a t io s . -  Maximum l i f t -d rag  r a t i o s  of the  conical wings 
with 45.0' f l a t -pa t t e rn  sweep showed a small increase from about 5.2 t o  5.9 as 
the  aspect r a t i o  increased from 5.00 t o  5.45 ( f ig .  17). The cy l indr ica l  wings 
with 48.2' f l a t -pa t t e rn  sweep, on the  other  hand, showed an increase from about 
7.3 t o  11.8 as the aspect r a t i o  varied from 3.00 t o  5.45. Both the  overa l l  
l e v e l  of and the  increase with aspect r a t i o  f o r  the conical wings 
appear low on the  bas i s  of t he  results presented i n  reference 1. 
ference i n  the l i f t -d rag  r a t i o s  is  believed t o  a r i s e  from differences i n  the  
magnitude of t h e  t a r e  drag a t t r i bu ted  t o  the  spreader bar and the  balance 
housing between t h i s  invest igat ion and reference 1. In the  present investiga- 
t i o n  the  e f fec ts  of t he  cylindrical-wing flow f i e ld  on the  spreader-bar and 
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balance-housing drag were accounted for; whereas in the investigation of refer- 
ence 1, the tare measurements were made with the spreader bar and balance 
housing i n  the f ree  stream. 
f i e l d  on the wing canopy were not determined in  e i ther  investigation. Because 
the cyl indrical  canopy was much closer t o  the spreader bar than was the  conical 
canopy and because the cylindrical-wing tares  were used t o  correct the resu l t s  
f o r  both wings, the tares measured i n  the cylindrical-wing flow f i e l d  probably 
gave conservative values of l i f t -drag r a t i o  when applied t o  the conical-wing 
data of the present investigation. A compcrison between lift-drag r a t i o s  of 
reference 1 and the present investigation for conical wings with and without 
spreader-bar and balance-housing t a re  corrections i s  given i n  figure 8 and shows 
tha t  re la t ive ly  small differences i n  l if t-drag r a t io s  existed before application 
of the tare drag. 

However, the effects of the spreader-bar flow 

I Pitching-moment characterist ics.-  The extrapolated pitching-moment coeffi-  
1 cient a t  zero l i f t  was negative f o r  an aspect r a t i o  of 3.00 for  both the conical 
l and cylindrical  parawings - ( f i g  . 17). 

aspect r a t i o  caused the pitching-moment coefficient a t  zero l i f t  t o  become less 
negative u n t i l  at an aspect r a t i o  of 5.45 a positive value of 
cated. For the cylindrical  wings, on the other hand, increasing negative values 
of &,o were observed as the aspect r a t i o  increased. The values of &,o 
presented i n  figure 17, as previously mentioned, apply for  only a res t r ic ted  
l i f t  range; however, the  trends showing effects of aspect r a t i o  i n  th i s  figure 
do provide a good overal l  indication of the sh i f t s  in the pitching-moment curves 
presented i n  figures 9 and 13. The same observation can be made with regard t o  

For- the conical wings increasing the 

c ~ , ~  was indi- 

i n  tha t  the  overall  l eve l  of stab-ility was somewhat l e s s  fo r  an aspect I F  
~ 

I 
I 
1 

r a t i o  of 5.45 than f o r  an aspect r a t i o  of 3.00. 
break in pitching moments following w i n g  stall; however, there appeared t o  be 
somewhat greater i n s t ab i l i t y  preceding s ta l l  f o r  the high-aspect-ratio cylindri- 
c a l  w i n g s  than f o r  the conical wings. 

A l l  the  wings showed a s table  

A possible longitudinal s t a b i l i t y  problem, not d i rec t ly  indicated i n  the 
pitching-moment data of figure 9, has been encountered i n  wind-tunnel and f l i gh t  
t e s t s  of parawing vehicles tha t  exhibit  an abrupt stall above maximum lift.  
This problem, which is  characterized by a deep-stall pitch-up, can a r i s e  for a 
parawing vehicle having a center of gravity located w e l l  below the  wing if  there 
is a large loss  i n  the  normally high negative value of axial force accompanying 
wing stall. 
losses in  axial force a t  high angles of attack and an assessment of the useful- 
ness of a par t icular  wing should include an examination of the longitudinal sta- 
b i l i t y  at angles of a t tack above the stall .  

Some of the conical and cylindrical  wings investigated showed 

Effect of Canopy Fullness on Longitudinal 

Aerodynamic Characteristics 

Large changes i n  a l l  the longitudinal parameters accompanied variations i n  
canopy fullness because of the extreme changes in  wing camber and twist tha t  
occurred as the  f la t -pat tern sweep varied for the conical parawings. (See 
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Streamwise a i r f o i l  contours as defined by the surface of the  cones were com- 
puted by the  method given i n  reference 1 and some of the calculated t w i s t  and 
camber results f o r  the  A = 5.45 conical parawings a re  given i n  figure 5. 

The surfaces of t h e  cylindrical-canopy parawings were assumed t o  l i e  on 
two cylinders which had t h e i r  axes parallel t o  the  keel  as shown i n  the  f o l -  
lowing sketch: 

Inasmuch as all t he  streamwise sections were assumed t o  be parallel t o  the keel, 
the  basic cy l indr ica l  wings (& = 48.2O) were assumed t o  have no tw i s t  o r  
camber. 

Aspect r a t i o s  of 3.00, 4.00, 5.00, and 5.45 f o r  the  conical wings and 
aspect r a t i o s  of 3.00, 4.00, and 5.45 f o r  the cy l ind r i ca l  wings were obtained 
by changing t h e  canopy root  chord while re ta ining the same leading edges and 
spreader bar. The leading edges used on both types of wings i n  t h i s  inves t i -  
gation are the  same as those employed i n  the invest igat ion reported i n  
reference 1. 

The canopies f o r  t he  conical wings were constructed with the sweep of t he  
leading edge of the  f lat  pa t te rn  less than the 50.0' sweep angle of the  frame. 
The canopy fullness (and the  r e su l t i ng  camber and t w i s t )  was varied f o r  t he  
aspect-ratio-5.45 conical wings by using canopies with f l a t -pa t t e rn  sweep angles 
of 35.0°, 40.0°, 42.5', 45.0°, and 47.5O. (See f i g .  4.) 

The leading edges of the  cy l indr ica l  wings had a h e l i c a l  shape inasmuch as 
they w e r e  formed about cylinders and the  average sweep angle was 50.0°. 
f ig .  3 . )  A canopy f l a t -pa t t e rn  sweep angle of 48.2' provided a parawing on the  
assumed cylinders with a zero twist and camber and 50.00 leading-edge sweep. 
The fu l lnes s  of the  aspect-ratio-5.45 cyl indrical  canopies was increased by the  
use of f l a t -pa t t e rn  sweep angles of 44.0° and 46 .0~ .  
these models are re fer red  t o  as cylindrical-canopy parawings, only the  leading 
edges w e r e  designed t o  conform t o  the  assumed cy l ind r i ca l  shape. 

(See 

(See f i g .  4.) Although 

The canopies f o r  all the  parawings were attached t o  the  top of t he  keel  
and t o  the  leading edges as shown i n  f igures 2 and 3.  The canopies w e r e  

5 



f i g .  5 . )  The computed values of camber and t w i s t  f o r  t he  conical wings may not 
represent the  ac tua l  shape of the f l ex ib l e  wing canopy throughout the  angle-of- 
a t tack  range; however, they do provide a very good indicat ion of t he  changes i n  
wing shape with f l a t  -pattern sweep. 

Computed values of t w i s t  and camber f o r  t he  & = 44.0 and 46.0' cy l indr i -  
c a l  wings a r e  not presented because of d i f f i c u l t i e s  encountered i n  defining 
t h e i r  shapes. Some estimates were made, however, by use of the  assumption t h a t  
the  t r a i l i n g  edge w a s  a c i r cu la r  a rc  having a length equal t o  the  canopy f l a t -  
pa t te rn  trail ing-edge length. These estimates indicated t h a t  the t w i s t  w a s  very 
l o w  f o r  the cy l indr ica l  wings i n  comparison with the  t w i s t  f o r  the  conical 
wings. One of the  problems encountered i n  defining the  t w i s t  of t he  cy l indr ica l  
wings was t h a t  the basic (a = 48.2') zero-twist cy l indr ica l  wing appeared, from 
the  observed angle of a t tack  and pi tching moment a t  zero l i f t ,  t o  have washin. 
Inasmuch as the angle of a t t ack  f o r  zero l i f t  has been found t o  provide a good 
indication of t h e  overa l l  e f fec t ive  t w i s t  f o r  conical parawings, it i s  used i n  
subsequent sections t o  r e l a t e  t he  t e s t  r e s u l t s  obtained f o r  the  cy l ind r i ca l  and 
conical wings. 

L i f t  charac te r i s t ics . -  The angle of a t t ack  f o r  zero l i f t  f o r  the  conical  
parawings decreased from a value of about 1 8 O  t o  7 . 5 O  ( f i g .  18) as the  f la t -  
pa t te rn  sweep increased from 35.0' t o  47.5' (decreasing canopy fu l lnes s ) .  
value of uo 
the  f l a t -pa t t e rn  sweep increased from 44.0° t o  48.2' ( f i g .  18). 
value obtained f o r  
previously, and observations made during the  tests a l so  showed t h a t  the  canopy 
lobe w a s  d i s tor ted  from a cy l ind r i ca l  shape. The d i s to r t ion  observed w a s  such 
t h a t  t he  inboard port ion of the  t r a i l i n g  edge w a s  higher than the  leading edge 
and the  outboard portion w a s  below the  top of t he  leading edge. It i s  therefore  
believed tha t  d i s to r t ion  of t he  canopy from the  cy l indr ica l  shape under air  load 
caused the negative value a t  zero l i f t  of both the  angle of a t t ack  and the  
pi tching moment of the  cy l ind r i ca l  wings. 

The 
f o r  the  cy l ind r i ca l  parawings decreased from about 3' t o  -3' as 

The negative 
& = 48.2O indicates  t h a t  the wing had washin, as mentioned 

The m a x i m u m  l i f t  coef f ic ien ts  of t he  conical parawings increased as the  
f la t -pa t te rn  sweep increased from 35.0° t o  42.3O; fur ther  decreases i n  canopy 
fu l lness  caused a reduction i n  m a x i m u m  l i f t .  (See f i g .  18.) For t he  cyl in-  
d r i c a l  parawings (a = 44.0°, 46.0°, and 48.2'), the  m a x i m u m  l i f t  coef f ic ien t  
a l so  decreased as the  canopy fu l lness  w a s  decreased. 
some canopy fu l lness  (small amount of washout) on maximum l i f t  coef f ic ien t  i s  
consistent with experience on conventional wings f o r  which improvement i n  
CL, max 
var ia t ion of t w i s t  across the  span of t h e  & = 35.0' and & = 40.0' conical 
wings was so extreme t h a t  l o c a l  s t a l l i n g  may have exis ted somewhere on the  wings 
throughout the  t e s t  angle-of-attack range. 

The benef ic ia l  e f f e c t  of 

can be e f fec ted  by adding some washout near the  t i p .  Apparently the  

Maximum l i f t -d rag  ra t ios . -  Values of maximum l i f t - d r a g  r a t i o  f o r  the  
A = 5.45 
increased from 35.0' t o  4 7 . 5 O  ( f i g .  18). 
A = 5.45 
sweep increased from 44.0° t o  46.0°. 
caused the maximum l i f t - d r a g  r a t i o  t o  decrease t o  a value of 11.8 and a l so  

conical  parawings increased from 3.2 t o  8.1 as the  f l a t -pa t t e rn  sweep 

cy l ind r i ca l  wings increased from 11.2 t o  16.9 as the  f l a t -pa t t e rn  
Maximum l i f t -d rag  r a t i o s  f o r  the  

Increasing the  f l a t -pa t t e rn  sweep t o  48.2' 
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caused a decrease i n  l i f t -d rag  r a t i o  at  high l i f t  ( f i g .  15). Maximum lif t -drag 
r a t i o s  f o r  the  cyl indrical  wings w e r e  generally about twice the values obtained 
f o r  the  conical wings at  the same f la t -pat tern sweep ( f ig .  18). Since the l i f t -  
drag r a t i o s  were grea t ly  dependent on wing t w i s t  and the t w i s t  of the two types 
of wings w e r e  probably much d i f fe ren t  at a given f la t -pa t te rn  sweep, the r e su l t s  
presented i n  f igure  19 may afford a more meaningful comparison than those given 
i n  f igure 18. If the wing zero- l i f t  angle is interpreted as indicating effec- 
t i v e  wing twist, then it appears from the  resu l t s  of f igure 19 t h a t  the highest 
maximum l i f t -d rag  r a t i o  occurred f o r  the wing having a small amount of washout 
and t h a t  the  performance charac te r i s t ics  of the cy l indr ica l  and conical wings 
are d i rec t ly  re la ted  through the e f fec t ive  wing t w i s t .  

Pitching-moment charac te r i s t ics . -  Large e f f ec t s  of canopy ful lness  on 
pitching moments w e r e  indicated f o r  t he  conical parawings, and the overal l  
e f f ec t s  are summarized i n  figures 18 and 19. 
of f igure 11 show tha t  increasing the flat -pattern sweep (decreasing canopy 
fu l lnes s )  from 35.0' t o  45.0' provided posit ive increments i n  
increased the  longitudinal s t a b i l i t y  a t  moderate l i f t .  For the cy l indr ica l  
parawings, decreasing the canopy fu l lness  from = 44.0' t o  & = 48.2' 
caused the  value of 
b i l i t y  t o  decrease. 
f o r  the  conical and cy l indr ica l  wings appear, as had the l i f t -d rag  ra t ios ,  t o  
be r e l a t ed  t o  the  amount of e f fec t ive  wing t w i s t .  Negative values of Cm,o 
occurred f o r  the  A = 5.45 cyl indr ica l  wings having a small amount of t w i s t ,  
and posi t ive values of occurred f o r  a l l  but the  higher t w i s t  conical 
wings. The occurrence of negative &,o at high t w i s t  (& = 35.0') may have 
been caused by negative stall  of sections near the t i p s  where the washout was 
very high ( f i g .  5 ) .  

These r e su l t s  and the basic data 

Cm,o and 

&,o 
The pitching-moment character is t ics  presented i n  f igure 19 

t o  become more negative and the  longitudinal sta- 

k,o 

Longitudinal s t a b i l i t y  ( f i g .  was the highest f o r  wings having a 

small amount of washout and decreased rapidly as the e f fec t ive  t w i s t  became 
greater.  
showed t h a t  a pitch-up tendency occurred before s t a l l  with the smallest amount 
of canopy fu l lness  f o r  both the conical and cy l indr ica l  wings ( f ig s .  11 and 15). 
This occurrence of longitudinal i n s t a b i l i t y  w a s  g rea t ly  a l lev ia ted  by increasing 
the canopy fu l lness .  

The var ia t ion of pitching-moment coefficient with l i f t  coeff ic ient  

Effect of Aspect Ratio on Lateral  S t a b i l i t y  Character is t ics  

The s t a t i c  lateral s t a b i l i t y  derivatives a re  presented about a reference 

To represent a par t icular  parawing application these 
point on the  center  l i n e  of the parawing keel a t  the quarter-chord point of the 
mean aerodynamic chord. 
data should be t ransferred t o  the desired reference point f o r  the complete vehi- 
cle; t h i s  reference point i s  generally below the parawing keel. 

For the conical parawings with A. = 45.0°, the value of the direct ional-  
s t a b i l i t y  parameter 

stall  a f t e r  which d i rec t iona l  i n s t a b i l i t y  was indicated ( f ig .  10). Increasing 

was generally posit ive up t o  the  approach of wing 
c"P 
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the aspect ratio from 3.00 to 5.45 for these wings increased the positive value 
of Cn in the operational angle-of-attack range. There seemed to be no con- 
sistent effect of aspect ratio on the value of the effective-dihedral parameter, 
but at angles of attack above about 39' there was a general decrease in the 
effective-dihedral parameter and at lower angles of attack the aspect- 

P 

ratio-5.45 wing had the dihedral. 

and some 

(See figs. 14 
CnP All the cylindrical parawings generally had low values of 

directional instability in the operational angle-of-attack range. 
and 16. ) These wings generally had large negative values of czP below the 

stall. For both the directional-stability parameter and the effective-dihedral 
parameter there appeared to be no consistent effect of changes 'in either aspect 
ratio or flat-pattern sweep. 

Effect of Canopy Fullness on Lateral 

Stability Characteristics 

The directional-stability parameter CnP increased with increasing flat- 
pattern sweep for the aspect-ratio-5.45 conical wings at angles of attack below 
250. 
(& = 45.00 
wing stall there was a general decrease of effective dihedral with decreased 
canopy fullness, except for the change in fullness from 
&, = 47.5' 

(See fig. 12.) At wing stall the wings with least canopy fullness 
and -b = 47.5O) showed some directional instability. Below the 

& = 45.0° to 
during which a large increase in effective dihedral occurred. 

Comparison of Experimental and Estimated Longitudinal 

Aerodynamic Characteristics 

Angle of attack for zero lift.- Theoretical and experimental effects of 
aspect ratio and canopy fullness are presented in figures 17 and 18; the theo- 
retical results were obtained from data based on the wing theory of reference 1. 
For the conical parawings, the estimated variations of zero-lift angle of attack 
with aspect ratio (fig. 17) and flat-pattern sweep (fig. 18) are in good agree- 
ment with the experimental results. Experimental values were somewhat lower 
than estimated values and this type of agreement is consistent with most para- 
wing configurations investigated. (For example, see ref. 1.) In view of the 
extreme variations in camber and twist for the wings investigated, it is 
believed that the estimates provide a good indication of the effects of aspect 
ratio and canopy fullness on the zero-lift angle of attack for conical para- 
wings. 
angle should afford an excellent estimate of the zero-lift angle for a wide 
variety of conical parawings. 

The use of an empirical correction of -3O or -4' added to the estimated 

The estimated zero-lift angle of attack for a zero-twist cylindrical para- 
The results of figure 17 indicate good agreement wing would, of course, be Oo. 



. 

between theory and experiment a t  A = 3.00 f o r  the cyl indrical  wings; however, 
a t  A = 5.45 experimental resu l t s  gave a value of about -3'. Estimates were 
not made f o r  the e f fec ts  of canopy ful lness  on cyl indrical  wings because of the 
aforementioned d i f f i cu l t i e s  encountered i n  defining a shape fo r  calculation of 
twist  angles. It i s  believed, therefore, t h a t  the  experimental results pre- 
sented herein and i n  reference 1 could be med as the most re l iab le  indication 
of the zero- l i f t  angle f o r  cyl indrical  parawings u n t i l  fur ther  information i s  
available. 

Lift-curve slopes.- Estimates of l if t-curve slopes were obtained from the 
wing theory of reference 1, i n  which a section l i f t  slope of 0.09 per degree 
was assumed. The estimated resu l t s  were f o r  planar wings and therefore varied 
only with aspect ra t io ;  no modifications have been made t o  account f o r  curvature 
of the l i f t i n g  surface (canopy fullness). Comparison between estimated and 
experimental l i f t -curve slopes ( f ig .  17) shows tha t  the estimates are somewhat 
high i n  re la t ion  t o  data f o r  the  conical wings below A = 5. The estimated 
increase i n  C b  with aspect r a t i o  from A = 3.00 t o  5.45 was considerably 
l e s s  than the experimental increase over the same range of aspect r a t io s  f o r  
both the conical and cyl indrical  wings. 
on the conical wings ( f ig .  18) indicate that  a good estimate of 
expected only f o r  canopies having very shallow lobes (& = 45.0'). 

Experimental e f fec ts  of canopy ful lness  
C h  would be 

L, "he large difference between experimental and estimated values of C 
f o r  large amounts of canopy ful lness  may have occurred as a r e s u l t  of one fac tor  
o r  a combination of several  factors.  For example, at low and moderate l i f t  
coefficients where canopy d is tor t ion  and some trailing-edge f l u t t e r  occur for 
deep-lobe canopies, nonpotential flow conditions probably ex i s t  over a large 
par t  of the wing. Another important consideration i s  the use of planar wing 
theory t o  estimate the character is t ics  of a highly nonplanar, curved l i f t i n g  
surface. It i s  believed, therefore, tha t  conyentional wing theory may provide 
a f a i r l y  good estimate of f o r  parawings having very shallow lobes, but 
cannot be used with assurance fo r  parawings having deep canopy lobes. 

C h  

Maximum l i f t -drag  rat ios . -  No attempt has  been made t o  estimate the maxi- 
mum l i f t -drag  r a t i o s  f o r  the wings i n  the present investigation; however, an 
idea l  upper bound has been approximated as an a id  i n  determining t o  what extent 
each wing at ta ined the performance potential  available. 
idea l  variation, the skin-friction drag of each of the canopies was estimated 

and used with the assumption tha t  the drag due t o  l i f t  was Inasmuch as 

the  leading edges of the models were small, most of the difference between the 
experimental and the idea l  curves can be at t r ibuted t o  the e f fec ts  of t w i s t  and 
camber on minimum drag and drag due t o  l i f t .  

In determining the 

CL2 -. 
3TA 

Experimental r e su l t s  showing ef fec ts  of aspect r a t i o  ( f ig .  17) indicate 
very l i t t l e  change i n  
cyl indrical  wings show an increase i n  of the same magnitude as tha t  
of the ideal variation. The leve l  of maximum l i f t -drag  r a t io s  indicates t ha t  
the conical wings were capable of realizing only about 30 percent of the ideal  
maximum l i f t -drag  rat ios ,  whereas the cylindrical  wings gave 46 t o  57 percent 

(L/D)- fo r  the conical wings, whereas r e su l t s  fo r  the 
(L/D)- 



of the ideal. Increasing the canopy fullness (fig. 18) of the cylindrical wing 
from A, = 48.20 to A, = 46.0° allowed 85 percent of the ideal maximum lift- 
drag ratio to be obtained. A further increase in canopy fullness, however, 
gradually decreased 
centage obtained at 

(L/D)- 
& = 48.2'. 

to a lesser percent of the ideal than the per- 

The large differences in lift-drag ratios obtained for the conical and 
cylindrical wings are believed to arise from the drag associated with the basic 
span loading due to twist for the conical wings (ref. 1). The following 
sketches illustrate the type of span loading on the cylindrical and conical 
wings at a lift coefficient near the ideal CL for (L/D)-: 

Conical Cylindrical 

+ + 
- lC - 
'av 

0 - Y 1.0 0 - Y 1.0 

cav 0 

- - 

b/2 b/2 

The large washout near the tip of the conical wing can produce a span loading 
with a negative load carried near the tip as shown in the sketch. This type of 
span loading would be expected to produce relatively high induced drag in com- 
parison with the drag produced by the more nearly elliptical load distribution 
shown for the cylindrical wing. 

Pitching-moment characteristics.- The comparison between estimated and 
experimental pitching-moment characteristics presented in reference 1 was fairly 
good and suggested that these characteristics for parawings might be predicted 
from conventional wing theory with reasonable accuracy. Generally the present 
results substantiate this correlation; however, the extended range of variables 
covered in the present study has revealed some significant discrepancies between 
estimates and experimental results. For example, the variation with aspect 
ratio of estimated and experimental agreed well for the conical wings 
(fig. l7), whereas the variation of estimated &,o with canopy fullness 
decreased while the variation of experimental Cm,o with canopy fullness 
increased (fig. 18). Estimates of the effects of both aspect ratio and canopy 
fullness on longitudinal stability for conical wings (figs. 17 and 18) were gen- 
erally so different from experimental results that the few points of agreement 
shown may have been fortuitous. 

between experimental and estimated values of Cm,o and - appeared to be 
somewhat better for the wing canopies having the smallest twist (fig. 18). 
These results indicate, therefore, that conventional planar wing theory as 

Cm,o 

As might have been expected, the agreement 
a& 
aCL 
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applied in the present estimates cannot be used to predict reliably the 
pitching-moment characteristics of conical parawings having appreciable canopy 
fullness. "he sources of the discrepancies have not yet been determined; how- 
ever, some possibilities are readily apparent. 
for a wing having a highly curved lifting surface, for example, neglects the 
effect of vertical displacement of the center of pressure on Another 
possible source of discrepancy is the fact that the shape of the flexible 
lifting surface probably did not conform to the true conical shape that was 
assumed for the estimates. 

The use of planar wing theory 

cm,o. 

The fairly good agreement noted for the estimated and experimental zero- 
lift angles and the poor agreement of pitching-moment characteristics suggest 
that the overall load can be estimated with much greater reliability than can 
the effects of the load distribution. It is therefore believed that refinements 
in the estimation of span-load distribution will have to be made before reliable 
estimates of the pitching-moment characteristics can be obtained. Until more 
reliable procedures are developed, existing experimental data should be used as 
a basis for empirical estimates of the pitching-moment characteristics of 
parawings. 

CONCLUSIONS 

An investigation of a series of parawings having conical and cylindrical 
canopies indicated the following conclusions: 

1. Maximum lift-drag ratios for the conical parawings with 45.0° flat- 
pattern sweep varied from 5.2 to 5.9 as the aspect ratio was increased from 
3.00 to 5.45. Decreasing the canopy fullness of the aspect-ratio-5.45 conical 
wing by increasing the flat-pattern sweep to 47.5' increased the maximum lift- 
drag ratio to 8.1. 

2. Increasing the aspect ratio from 3.00 to 5.45 for the 48.2O flat-pattern 
sweep cylindrical parawings increased the maximum lift-drag ratios from 7.3 
to 11.8. The addition of a small amount of twist and camber to the aspect- 
ratio-5.45 cylindrical wing by increasing the canopy fullness increased the 
maximum lift-drag ratio to 16.9 and improved the lift-drag ratios at high lift. 

3. Parawings with conical canopies had extrapolated pitching-moment coeffi- 
cients at zero lift that were negative at l o w  aspect ratio and became less neg- 
ative as the aspect ratio increased until at an aspect ratio of 5.45 a positive 
value was indicated. For parawings with cylindrical canopies, the pitching- 
moment coefficients at zero lift were negative and became more negative with 
increasing aspect ratio for all configurations investigated. 

4. A comparison of experimental longitudinal aerodynamic characteristics 
with estimates based on conventional wing theory showed fairly good agreement 
for parawings having the least amount of canopy curvature. 
particularly pitching-moment characteristics, did not agree well with experi- 
mental results for parawings having large amounts of canopy curvature. 

Estimated results, 



5. Lateral stability derivatives obtained for the conical parawings indi- 
cated positive static directional stability for angles of attack up to the 
approach of wing stall. 
effective dihedral occurred. 

Near the stall a loss in directional stability and 

6. The cylindrical-canopy parawings exhibited generally poor static direc- 
tional stability throughout the angle-of-attack range. 
values of effective-dihedral parameter were indicated for the cylindrical- 
canopy wings at high angles of attack. 

Fairly large positive 
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9-55 
7-17 

15.26 
L 

- 
CY 
in. 

28.55 
21.44 
17.14 
15 71  

28.55 
21.44 
15 71  

b, 
in. 

64.28 

1 
64.28 

50 42.80 
32.14 
25 71 
23.57 

10.51 
7.89 
6.31 
5.33 
5.79 
6.03 
6. m 
6.70 

Dacron 

1 
Acrylic-coated rip-stop nylon 

Nylon-Mylar 
Acrylic-coated rip-stop nylon 

TABLE I - - PROJECTED-PLANFORM CHARACTERISTICS 

Parawing 
canopy 

Aspect 
rat i o  

S, 
sq ft 

9.55 
7-17 
5.74 
5.26 

3.00 
4.00 
5.00 
5.45 

Conical 

3.00 
4.00 
5.45 

42.80 
32.14 
23.57 

Cylindrical 

a Average value. 

TABU 11. - CANOPY-FLAT-PATERN CHARACTEKETICS 

Parawing 
C*OPY 

!spec t 
ratio 

I 

sq f t  Area, I Fabric 
Sweep, 
deg 

s p a ,  
in.  

I 

3.30 
4.40 
5.50 
5.73 
6.00 
6.26 
6.50 
6.95 

45.0 
45.0 
45.0 

45.0 
42.5 
40.0 
35.0 

47.5 
'9i71 67.56 

70.71 
73 73 
76.60 
81.92 

:onical 

3 l ind r i ca l  

3.20 
4.26 
5.81 
6.06 
6.27 

Nylon-Mylar 

Dacron \1 
48.2 
48.2 
48.2 
46.0 
44.0 

68.44 

.1 
71 37 
73 90 

10.17 

5.60 
7.64 

5.84 
6.05 
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Figure 1.- Systems of axes and convention used to define positive sense of forces, moments, and angles. 



Frame and canopy Conopy ffat pattern 

Aspect ratio 3.m 

Frame and canopy Compy fiat pattern 
Aspect rotio 4.00 

Figure 2- Geometry of conical parawings. All dimensions are in  inches unless otherwise indicated 
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Frame and canopy Canopy f /ot pattern 

Aspect ratio 5.00 
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Frame and canopy 
b 2 3 5 7 4  

Canopy f lo tpa t t e rn  

Aspec t  ratio 5.45 

Figure 2.- Concluded. 



Aspect ratio 3.00 

Canopy f /at  pottern Frame and canopy 

Aspect ratio 4.00 

I 

f- 
Figure 3.- Geometry of cylindrical parawings. All dimensions are in  inches unless otherwise indicated 

21 



F r a m e  and canopy Canopy f / a t  p a t t e r n  

Aspect r a t i o  5.45 

Figure 3.- Concluded. 
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Figure 4.- Canopy f lat patterns for the  aspect-ratio-5.45 parawings. 
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Balance housing f A u xiliary keel 7 
S 1 ing 

// I / 
Clamps and rw's connectingllSpreader bar and keel attached to 1 

the wing with auxiliary spreader I balance housing 
bar and keel rigidly to the sting1 

1 

Figure 6.- Spreader-bar and balance-housing tare measurement apparatus. 
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Figure 7.- Aerodynamic characteristics of cyl indr ical-wing spreader bar and balance housing. 
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Figure 8.- Conical-wing lift-drag ratios before and after spreader-bar and balance-housing tare correct ions for A = 5.45. A, = 45.00. 
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Figure 10.- Effect of aspect rat io on lateral stability characteristics of 50.0° swept conical parawings. ho = 45.0'. 



B 
? 
b 

31 





5 /O /5 20 25 30 35 40 45 50 55 
Q , deg 

Figure 12- Effect of canopy-flat-pattern sweep on lateral stability characteristics of So.@ swept conical parawings. A = 5.45. 
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Figure 14.- Effect of aspect rat io on  lateral stability characteristics of 50.00 swept cy l indr ica l  parawings. A. = 48.20. 
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Figure 16.- Effect of canopy-flat-pattern sweep on the  lateral stability characteristics of 50.0° swept cyl indr ical  parawings. A = 5.45. 

39 



rr, 

T 

0. 

rr, 

T 

0. 



‘13 
S m 

“l m 
S 

3 

n 

._ 
2 
m 
c n 
W w 

U .- 
5 
S 

0 
I 
W m 

6 

S 0 
n 
W W 

w 
c 
W 

m 

L 

c c 

n 

L 
0 
VI 

U al 
al 

0 

c 

L c 

c 

41 



42 

I u, 

NASA-Langley, 1965 L-4238 


